Single-walled carbon nanotubes (SWCNTs) have been amidated by hydrothermal treatment with different aliphatic amines. The amido groups modified on the surface of the SWCNTs were characterized by Fourier transform infrared spectroscopy. The electrooxidation of nitric oxide (NO) at the modified electrodes of amidated SWCNTs was investigated. The modified electrodes of amidated SWCNTs exhibited different electrocatalytic activity for NO when different aliphatic amines were being used. The electrode amidated by ammonia has the highest activity, which is 1.8 times value of the SWCNT modified electrode. The electrocatalytic activity of the amidated SWCNT modified electrodes depends on the length of the alkyl groups. The results demonstrate that hydrothermal treatment is an efficient way to modify SWCNTs with amines, and the reaction rate of NO electrooxidation can be changed by the amidation of SWCNTs.
Introduction
Single-walled carbon nanotubes (SWCNTs) have a wide range of potential applications involving scanning probe microscopy tips [1] , field emission displays [2] , microelectronic devices [3, 4] etc. Most of these applications require SWCNTs with high purity and specific properties; furthermore, functionalization of SWCNTs is important for application in some fields. SWCNTs functionalized with amines have attracted special attention [5] [6] [7] [8] [9] [10] [11] . The most extensive investigations are concentrated on the formation of amide derivatives between SWCNTs and long chain amines [5] [6] [7] . Before functionalization, SWCNTs are usually treated by alkalis [12] [13] [14] or acids [15] , and with these techniques the amorphous carbon and metallic catalysts can be removed from the SWCNTs. In addition, this treatment introduces hydroxyl (-OH) and carboxyl (-COOH) groups onto the open ends and the 1 Author to whom any correspondence should be addressed. sidewall defect sites of the SWCNTs. The reaction of SWCNTs with amines is currently performed using chemical methods [5] [6] [7] but the reaction conditions are difficult to control and the reaction is time-consuming. Treatment of SWCNTs with a hydrothermal method has already been reported to be simple and controllable [16, 17] . Under hydrothermal conditions the amorphous carbon undergoes structural changes, while SWCNTs remain stable. However, the hydrothermal method is only used to purify SWCNTs. Hydrothermal treatment therefore introduces a new way to functionalize SWCNTs with amines.
NO as a major atmospheric pollutant has been found to play many significant roles in physiological and pathological functions [18, 19] . Therefore, accurate detection of the NO content in complex biological matrices is very important. NO detection has been reported by paramagnetic resonance spectroscopy, chemiluminescence, UV-visible spectroscopy and electrochemical methods [20] [21] [22] [23] [24] . Of all these techniques, electrochemical methods are most significant due to their convenience and high sensitivity. Many electrode materials have been used to detect NO, such as porphyrin [25] , phthalocyanine films [26, 27] and nanomaterials [28, 29] . However, low sensitivity and poor selectivity have limited their further application. Thus, it is urgent to develop a new electrode material to optimize the electrochemical properties of NO detection. Previous studies have indicated that carbon nanotube (CNT) modified electrodes have excellent electrochemical properties, such as a wide potential window, small background current and high electrocatalytic activities, which are superior to those of traditional carbon electrodes [30] [31] [32] [33] [34] [35] . They have been successfully used for electrocatalytic reactions of some organic molecules [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . At present, some studies on conductive gas sensors based on CNTs have been reported [46] [47] [48] [49] [50] [51] . Jani et al [51] reported the preparation of a conductive NO gas sensor with carboxyl functionalized SWCNTs and MWCNTs. However, little has been reported about NO electrochemical sensors prepared with CNTs. Li et al [22] studied NO electrooxidation at a SWCNT/room temperature ionic liquid (RTIL) gel microelectrode and the experimental results revealed that the gel microelectrode had great potential for application in a NO sensor due to its higher sensitivity. Wu et al [52] reported that a glass carbon (GC) electrode modified by carboxylated MWCNTs could detect NO in solution; and the stability and sensitivity of NO detection were studied. However, the low sensitivity of the CNT modified electrode restricted its further application. Therefore, it is still a challenge to explore an electrode to improve the sensitivity for a low detection limit.
In this paper, amido groups (-CONH-R groups) were introduced onto the surface of SWCNTs under hydrothermal conditions.
The application of amidated SWCNTs for detecting NO in aqueous solution was studied by cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The electrocatalytic activity of the amidated SWCNT modified electrodes was noticeably improved. Herein, we propose a novel method for the amidation of SWCNTs by hydrothermal treatment; the application of the amidated SWCNT modified electrode for detecting NO has not been reported.
Experimental details

Reagents
The SWCNTs are from Chengdu Organic Chemicals Co. Ltd Chinese Academy of Science, with a diameter of 1-2 nm and lengths ranging from 5 to 30 μm. The purity is higher than 90%. All the other chemicals are of analytical-reagent grade without further purification. Experimental solutions were prepared using deionized water; electrochemical experiments were carried out at ambient temperature.
0.1 mol l −1 KH 2 PO 4 -NaOH buffer solution (PBS) pH 6.8 was used as a blank solution. The solution was bubbled for 30 min to remove oxygen with high purity nitrogen (N 2 , 99.999%), and then the solution was bubbled with NO (99.999%) for 30 min to prepare a NO saturated solution. The SWCNT-OH was added to the mixed solution of H 2 SO 4 and HNO 3 3:1. The mixture was ultrasonicated for 10 min, and then stirred for 2 h, filtered with a micro-porous filtering film and washed until a pH of 7.0 was obtained. The filtered solid was dried for 24 h at 313 K in a vacuum and here we obtained the SWCNT-COOH.
2.2.2.
SWCNT-COOH functionalized with amines by a hydrothermal method.
Six different types of amines were used to functionalize the SWCNT-COOH. They were ammonia (AMM), methylamine (MEA), ethylamine (ETA), propylamine (PRA), n-butylamine (BUA) and octadecylamine (ODA). 0.2 g SWCNT-COOH was mixed with 30 ml of each of these amines (ODA is solid at room temperature, thus we used 2 g dispersed in 30 ml ethanol). The mixed sample was sealed in a Teflon-lined autoclave, and heated to 473 K, kept for 120 h, and subsequently cooled down to room temperature. After that, the sample was washed with ethanol and dried in a vacuum. The samples were marked as SWCNT-AMM, SWCNT-MEA, SWCNT-ETA, SWCNT-PRA, SWCNT-BUA and SWCNT-ODA.
Characterization
The Fourier transform infrared (FTIR) spectra were used for amidation characterization of the samples. FTIR spectral measurements were carried out with a FTIR spectrometer (Perkin Elmer Spectrum One).
The pores of the SWCNTs were characterized by analysis of N 2 adsorption-desorption isotherms at 77 K, the BET specific surface areas were collected on a Micromeritics ASAP 2020 instrument.
Electrochemical experiments
A GC electrode (diameter 4 mm) was polished before each experiment, and sonicated in ethanol, acetone and water. Then the electrode was dried at room temperature. 2.5 mg of SWCNTs was dispersed in 10 ml acetone with ultrasonic processing to get a suspension. 10 μl of the suspension was dropped on the surface of the GC electrode. A SWCNT modified electrode was prepared when acetone was gradually evaporated under an infrared lamp.
The CV measurements were performed with a conventional three-electrode cell by a LK98 II B electrochemical analyzer (Lanlik Instrument Co. Ltd, Tianjin, China). The working electrode was a GC electrode or SWCNT modified electrode. A platinum sheet served as the auxiliary electrode and an Ag/AgCl electrode was used as the reference electrode. The scan rate was 50 mV s −1 . The EIS measurements were performed by an IM6e impedance measurement unit (Zahner Elektrik, Germany). The electrodes and electrolyte used were the same as for the CV measurements. The AC voltage amplitude was 10 mV in a frequency range from 10 mHz to 100 kHz, and the data were processed with Zview2 software.
Results and discussion
FTIR spectra characterizations
FTIR spectra are used to analyze the unknown chemical bonding of functional groups and the structural information in the SWCNTs. The FTIR spectra of raw SWCNTs (a) and SWCNT-COOH (b) are depicted in figure 1. Both of the curves have the same peak at 1557 cm −1 , which is attributed to the C-C stretching vibration in SWCNTs. The absorbance band about 1385 cm −1 in curve (a) is due to O-H deformation vibration of absorption water, while in curve (b) the absorbance band about 1385 cm −1 is attributed to O-H deformation vibration of absorption water and -COOH. The absorbance peak at 3424 cm −1 is assigned to the O-H stretching vibration [53] . As shown in figure 1(b) , the FTIR spectrum of the SWCNT-COOH shows that there is a broad absorbance peak at about 1705 cm −1 , which is attributed to the carbonyl stretching vibration in the -COOH groups [54] . All the results indicate that there are -COOH groups on the SWCNT-COOH surface.
Curves (b)-(g) in figure 2 show the FTIR spectra of SWCNT-AMM, SWCNT-MEA, SWCNT-ETA, SWCNT-PRA, SWCNT-BUA and SWCNT-ODA. All spectra have the same absorbance peak at 1644 cm −1 , which is attributed to the carbonyl stretching vibration in the -CONH-R groups [55] . The peak at 3434 cm −1 is assigned to the N-H stretching vibration, which confirms that there are -CONH-R groups on the SWCNT surfaces treated with different kinds of amines. There are two absorbance peaks at 2920 and 2850 cm −1 in curve (g) which are assigned to asymmetric and symmetric stretching of C-H in the alkyl chain, and the absorbance peak intensity is strong because the alkyl chain of ODA is long.
NO electrooxidation at different electrodes
NO electrooxidation at a bare GC electrode, SWCNT modified electrode and amidated SWCNT modified electrodes was studied. Curves (a) and (b) in figure 3 show the cyclic voltammograms of NO electrooxidation at the bare GC electrode and SWCNT modified electrode. As shown in curve (a), a small NO electrooxidation peak is observed at the bare GC electrode in the potential range between 300 and 1400 mV. The peak potential is 945 mV and the peak current density is 3.46 mA cm −2 . No reduction peak appears and this indicates that NO electrooxidation at the GC electrode is irreversible. Results show that NO is oxidized at the GC electrode and the oxidation reaction equation is likely to be NO + 2OH − → HNO 3 + H + + 3e − [56, 57] . It is further demonstrated by ion chromatography. The experimental data are displayed in figure S1 and table S1. The results show that both NO The peak currents depend linearly on the square root of the potential scan rate in the range of 10-320 mV s −1 . Therefore, the electrooxidation process of NO is controlled by diffusion of NO.
Curve (b) in figure 3 shows the cyclic voltammogram of NO at the SWCNT modified electrode. An obvious NO electrooxidation peak is observed and the peak potential is 854 mV which shifts 91 mV toward negative direction compared with the bare GC electrode. The peak current density is 18.70 mA cm −2 which is 5.4 times the value of the GC electrode (as shown in table 1). This indicates that the SWCNT modified electrode, as a promoter, can enhance the reaction rate of NO electrooxidation. The high porosity and large surface area of the SWCNTs contribute to the adsorption of gas molecules; the pentagonal defects and extra dimensional curvature presenting at the tips on the SWCNTs favor electron transfer [58] [59] [60] . EIS was employed to investigate NO electrooxidation at different electrodes in this paper. Curves (a) and (b) in figure 4 show the Nyquist diagrams of the bare GC electrode and the SWCNT modified electrode in the PBS saturated NO. The equivalent circuit compatible with the studied system is depicted in the inset.
R s is the solution resistance, constant-phase element (CPE) corresponds to the double-layer capacitance and R ct is the charge transfer resistance. R ct is the only circuit element that represents the rate of charge transfer during the NO electrooxidation reaction.
There is a big capacitive semicircle for the bare GC electrode, and the capacitive semicircle of the SWCNT modified electrode is smaller than that of the GC electrode. This means that the SWCNT modified electrode has a faster rate of charge transfer. The resistance values of charge transfer were calculated by Zview2 software. The resistance value of the bare GC electrode is 11 349 , while that of the SWCNT modified electrode is 8567 (as shown in table 1). This indicates that the SWCNT modified electrode has better charge transfer ability than that of the GC electrode. The results are consistent with the CV measurements. All of the above facts demonstrate that the SWCNT modified electrode has better electrocatalytic activity to NO oxidation than a bare GC electrode.
Curves (a)-(c) in figure 5 show cyclic voltammograms of NO electrooxidation at the SWCNT, the SWCNT-AMM and the SWCNT-MEA modified electrodes. NO electrooxidation at the SWCNT-AMM (b) and the SWCNT-MEA (c) modified electrodes gives the same anodic peak at 854 mV, and the peak potentials are the same as that of the SWCNT modified electrode; the peak current density at the SWCNT-AMM modified electrode is 34.85 mA cm −2 which is 1.8 times the value of the SWCNT modified electrode and 10.8 times value of the bare GC electrode. But for the SWCNT-MEA modified electrode the peak current density is 31.40 mA cm −2 , a decrease of 3.45 mA cm −2 compared with that of the SWCNT-AMM modified electrode (as shown in table 1).
Before the hydrothermal synthesis of SWCNT-AMM and SWCNT-MEA, SWCNTs have already undergone successive . Moreover, after the SWCNTs were treated by mixed acids, the purity of the SWCNTs was increased and carboxyl groups were attached to the SWCNT surfaces. SWCNT-COOH provides carboxyl groups for the amidation.
The process of NO electrooxidation includes the diffusion, adsorption and electron transfer of NO. The adsorption of NO at the electrode surface favors electron transfer. Adherence or adsorption of NO molecules at the electrode surface is a precondition for NO oxidation at the anode. Before the SWCNT modified electrode is functionalized, there are no 'active groups' or 'net charge' on the electrode surface. However, after the SWCNT-COOH electrode has been modified by amines, the carbonyl groups in -CONH-R groups at the electrode surface are able to capture NO molecules with its lone pair electrons, and pull them onto the electrode surface like a 'magnet' by covalent interaction. The -CONH-R groups adsorb with lone pair electrons of NO and the firm contact of NO within a short distance of the electrode surface increases the possibility of electron exchange. Electron gain and loss in NO molecules become convenient and fast. The adsorption of NO at the electrode surface provides an excellent environment for NO electrooxidation.
As is well known, the electronegativity of the nitrogen atom in amino groups (of -CONH-R groups) is less than that of the oxygen atom in hydroxyl groups (of -COOH groups). So the ability of the former to attract electrons is stronger than that of the latter. Then the electron density of the oxygen atom of carbonyl groups in -CONH-R groups is higher than that of the oxygen atom of carbonyl groups in -COOH groups. And the ability to adsorb NO is stronger for the oxygen atom of carbonyl groups in -CONH-R groups (as shown in scheme 1). Since loss and transfer of electrons is easier for the adsorbed NO than for free NO in solution, the electrocatalytic activity of NO electrooxidation at the SWCNT-AMM (b) and the SWCNT-MEA (c) modified electrodes is enhanced.
Curves (a) and (b) in figure 6 show the Nyquist diagrams of the SWCNT-AMM and the SWCNT-MEA modified electrodes in PBS saturated NO. The inset is an equivalent circuit compatible with the studied system. R w is the resistance produced by NO diffusion. There is a capacitive semicircle and diffusion resistance in the SWCNT-AMM and the SWCNT-MEA modified electrodes. The values of charge transfer resistance calculated from the above capacitive semicircles are shown in table 1. The resistance value of the SWCNT-AMM modified electrode is 297 , and that of the SWCNT-MEA modified electrode is 353 , far less than the bare GC electrode (11 349 ) and the SWCNT modified electrode (8567 ). From the comparison of the resistance values, it can be concluded that SWCNT-AMM and SWCNT-MEA have higher charge transfer ability. So they are excellent electrode materials for NO detection.
In order to study the influence of the length of the amine aliphatic chain on NO electrooxidation, the amidated SWCNT modified electrodes were studied. The cyclic voltammograms of SWCNT-MEA, SWCNT-ETA, SWCNT-PRA, SWCNT-BUA and SWCNT-ODA modified electrodes are shown in figures 7(a)-(e). The peak current density depends on the chain length of the amines. Functionalized SWCNT modified electrodes with longer amine chain length have a higher peak current density. The -COOH groups on the SWCNT-COOH surface react with the -NH 2 groups of aliphatic amines and -CONH-R groups are formed (as shown in figure 2 ). The -R groups in aliphatic amines float outside the electrode surface and the steric hindrance of the -R groups keeps NO molecule away from the electrode surface. The longer the chain is, the larger the effect of steric hindrance. In this way, the steric hindrance effect decreases the reaction rate of NO electrooxidation.
At the same time, the electron donating ability of the -R groups enhances with increasing chain length of the -R groups. The electron donating ability is: -CH 3 < -C 2 H 5 < -C 3 H 7 < -C 4 H 9 < -C 18 H 37 . Compared with the shorter chain -R groups, the oxygen atom in carbonyl groups for the amidated SWCNTs with long chain -R groups possesses more negative charge. The electron donating ability of long chain -R groups can enhance the NO adsorption of the electrode surface. It can be concluded that the adsorptive ability of different modified electrodes to NO is influenced by the steric hindrance and electron donating ability of -R groups. Furthermore, the adsorption of NO at the electrode surface can promote electron transfer and reduce the activation energy of NO electrooxidation.
Curve (a) in figure 7 shows the cyclic voltammogram of NO electrooxidation at the SWCNT-MEA modified electrode. Compared with the SWCNT-AMM modified electrode (as shown in figure 5 ), the peak potential of the SWCNT-MEA modified electrode is the same (854 mV) and the current density is decreased 3.45 mA cm −2 . This is because the electron donating ability is weak because of the -CH 3 groups at the surface of the SWCNT-MEA modified electrode. The effect of electron donating ability is partly counteracted by the effect of steric hindrance. Curve (b) in figure 7 shows the cyclic voltammogram of NO electrooxidation at the SWCNT-ETA modified electrodes. Compared with the SWCNT-MEA modified electrode, the peak potential of the SWCNT-ETA modified electrodes is about 838 mV, which shifts 16 mV toward the negative direction, and the current density is 28.74 mA cm −2 , a decrease of 2.66 mA cm −2 . With the enhancement of the adsorptive ability of the electrode to NO, the activation energy of NO electrooxidation decreases, and this is the reason for the potential peak shift to the negative direction. The decrease of the current density is due to the steric hindrance effect of -C 2 H 5 groups. By comparing the SWCNT-ETA (b), SWCNT-PRA (c), SWCNT-BUA (d) and SWCNT-ODA (e) modified electrodes in figure 7 , it is found that the peak potentials shift toward the positive direction one by one with increasing chain length of -R groups (as shown in table 1), along with the decrease in the peak current density. When the chain length of -R groups increases, the adsorption of NO at the electrode surface is enhanced by the stronger electron donating ability. But the rapid increase of the steric hindrance effect seriously affects the adsorption of NO. And the interact action of these two effects leads to an increase in the activation energy of NO electrooxidation and a decrease in reaction rate.
Curves (a)-(d) in figure 8 show the Nyquist diagrams of SWCNT-ETA, SWCNT-PRA, SWCNT-BUA and SWCNT-ODA modified electrodes, respectively, in PBS saturated NO. The equivalent circuit compatible with the study system is the same as the SWCNT modified electrode shown in the inset of figure 4. There is only one capacitive semicircle in each curve in figure 8 , and the capacitive semicircles for these modified electrodes are smaller than that of the GC electrode. The charge transfer resistance calculated from the above capacitive semicircle is shown in table 1. The value increases from the SWCNT-AMM modified electrode to the SWCNT-ODA modified electrode. All the resistance values of the modified electrodes of amidated SWCNTs are less than that of the bare GC electrode and the SWCNT modified electrode. By comparing the resistance values of different electrodes, it can be concluded that the -CONH-R groups on the electrode surface increase the rate of charge transfer and NO electrooxidation. Moreover, the increase in the resistance value from the SWCNT-AMM to the SWCNT-ODA modified electrode is the result of the steric hindrance effect of -R groups.
Conclusions
Hydrothermal treatment was successfully used to modify amidation of SWCNTs. The chemical adsorption of NO at SWCNT modified electrodes was enhanced by the introduction of -CONH-R groups on the surface. The increased chemical adsorption of NO enhances the electrocatalytic activity of NO at the modified electrodes. The ability of the amidated SWCNT modified electrodes to adsorb NO is influenced by two kinds of effects. One is the donating ability of the -R groups which enhances the adsorption of NO, and the other is the steric hindrance effect which encumbers NO adsorption. The sensitivity of the SWCNT-AMM modified electrode is the highest of all experimental electrodes, under the counteraction of the two effects. The high sensitivity and low peak potential make it an excellent electrode material for NO detection.
